Self-cleaning is a common phenomenon in natural world and has wide applications in people's real life. Here we report a general surface engineering method to fabricate micro/nano hybrid structure on polymer film, which can be applied to other substrates. The modified polymer surface is superhydrophobic with a water contact angle (CA) of 160 ± 1 and a water sliding angle (SA) of 3 . When bent to two opposite directions, the convex surface and concave surface are still superhydrophobic and exhibit self-cleaning property. Dusts with different sizes can be cleared away from the modified surface by dipping water drops or spraying water mist. The surface engineering method modified surface has ultrahigh robustness. Its perfect multi-scale hierarchical structure and self-cleaning property barely change even after undergoing one hour ultrasonic oscillation. This method is applicable to modify the surfaces of various materials, architectures and devices into self-cleaning surfaces.
INTRODUCTION
Nowadays, various kinds of functional devices play more and more important roles in our daily life. These devices become personal, portable, flexible and multifunctional. However, the fact that their performance degrades with time, especially when their working environment is very dirty, is still a big problem. For solar cell, light sensor etc., the dust covering them is a deadly damage. [1] [2] [3] Constantly wiping away of dust will destroy the surface of functional devices. Self-cleaning is a perfect solution to clear away the dust without any damage to devices. Therefore, in order to keep the high reliability of functional devices, it is very valuable to explore an effective surface engineering technology to make their surface self-cleaning.
For self-cleaning structure, two criteria should be met: superhydrophobic property and low adhesive force. Wetting property of a solid surface is usually determined by its chemical composition and geometrical micro/ nanostructure. 4 There are two approaches to obtain a superhydrophobic surface. One is by creating a rough surface directly on materials with low surface free energy. The other one is by covering a layer of chemical composition with low surface free energy on an existing rough surface. By now, many methods have been developed to prepare the superhydrophobic surface, for example, roughening fluorinated polymer [5] [6] [7] and silicones, 5 8-11 replica of plant leaves, 12 electrodepositing metal nanostructure, 13 patterning metal surface using lithography, 14 electrospinning nanofibers, [15] [16] [17] [18] fabrication of aligned one-dimensional micro/nanostructure array [19] [20] [21] [22] [23] [24] and coverage of nanoparticles or nanowires on surface. 2 25 26 However, developing a bendable self-cleaning surface with high robustness is still a great challenge. In nature, lotus leaf surface has distinguished self-cleaning property ( Fig. 1(a) ), which is due to its surface micro/nano hybrid structure. Up to now, although some works have been done to mimic the surface structure of lotus leaf, 12 24 27-30 these bionic structures are still inferior to lotus leaf in self-cleaning property and robustness, notably under a bended status.
Recently, we developed a valuable method (Ar ion bombarding) to in-situ fabricate micro-/nanostructure on any flexible polymer substrate. 31 These structures have a super high bonding force with their substrate, which makes it possible to fabricate self-cleaning surface structure with high robustness. In this paper, we utilize this technology and further develop a surface engineering method to fabricate a bendable self-cleaning surface with high robustness. This kind of hierarchical surface coated with oleic acid has ultrahigh stability and excellent mechanical property, and keeps its outstanding self-cleaning property even when it is under bended status and ultrasonic environment. Both water droplets and mist can clear away nanosize or larger dusts from the surface.
EXPERIMENTAL DETAILS
All the solvent and raw materials are analytically level purity and used without any further purification. The Kapton film is purchased from DuPont Company. The whole fabrication process is depicted as following three steps (Fig. 1) . First, photoresist micropillars is fabricated on Kapton film using photolithography method as shown in the left image of Figure 1(b) . Second, Kapton micropillars are in-situ fabricated on Kapton film's surface under the protection of above photoresist micropillars (the middle image of Fig. 1(b) ). At last, dense ZnO nanowires arrays are grown on Kapton micropillars, and their surfaces are modified by oleic acid.
Fabrication of Polymer micropillars. First, a piece of Kapton film with thickness of 250 m (DuPont Company) is cleaned with acetone, alcohol and deionized water in sequence to remove all contaminants on its surface. Then, clean air is used to blow them dry. Second, Kapton film is spin coated with AZ-P1350 positive photoresist with thickness of 5 m at a speed of 6000 revolutions per minute (rpm) for 60 seconds. After that, the polymer substrate is baked at 100 C for 90 seconds. Later on, it is patterned using a mask aligner under 365 nm ultraviolet of 3 mw/cm 2 for 60 seconds and developed using NaOH aqueous solution (3.5 g/l). Third, the Kapton film covered with photoresist micropillars is placed into an Ar ion milling machine (Gatan Dual 600). Ar ion beam is used to bombard the film surface at 4 kV and 0.2 mA along its normal direction for 4 hours. The residual photoresist on the top of polymer micropillars are removed by ultrasonic cleaning in alcohol.
Growth and surface modification of ZnO nanowires. Magnetron sputtering is used to deposit a layer of 50 nm thick ZnO seedlayer on Kapton film in-situ fabricated with micropillars. Then the film is immersed into a precursor solution at 95 C for 6 hours. The precursor solution consists of 20 mM Zn(NO 3 2 and 20 mM hexamethylenetetramine (HMTA). After growth, the film is rinsed with deionized water. After baking it in oven for 1 hour, the film is immersed in oleic acid overnight. At last, it is rinsed to obtain self-cleaning surface.
Characterization of wetting and self-cleaning property. CA and SA are measured by DSA100 from Krüss, Hamburg, Germany. Pictures of self-cleaning behavior are taken with a camera equipped on the probe station (TK-C9211EC/LEADTEX VC100, JVC). We use a deionized water droplet of 5 L as an indicator. All the CAs and SAs are characterized for 3 times.
RESULTS AND DISCUSSION
Our surface engineering method of fabricating micro/nano hierarchical structure consists of two processes: in-situ fabrication of micropillars on substrate, and subsequent growth and chemical modification of ZnO nanowires on these micropillars, which is schematically shown in Figure 1(b) . First, a layer of positive photoresist is spin-coated on a clean Kapton film. After baking, photolithography and developing, periodic arranged photoresist micropillars as shown in Figure 1 (c) are obtained. They are very uniform in morphology, size and spacing distance. At the bottom of this micropillar, the diameter and spacing distance are both 5 m, which is similar to the papillae of lotus leaf in nature. 27 32 Then, Kapton film with photoresist micropillars is bombarded with Ar ion beam to in-situ fabricate Kapton micropillars. The exposed parts of Kapton film are bombarded away and the area protected by photoresist micropillars exists, which is similar to the fabrication of oblique PET nanowires. 32 As a result, the polymer micropillars are obtained after removing the residual photoresist in alcohol solution. The pattern of photoresist micropillars is well transferred onto Kapton film surface as shown in Figure 1(d) . The diameter and ARTICLE spacing distance of in-situ fabricated Kapton micropillars can be controlled by changing the pattern of photolithography mask. The height of micropillars can be longer by increasing Ar ions' bombarding time. Finally, a thin layer of 50 nm thick ZnO seedlayer is coated on above Kapton micropillars' surface using magnetron sputtering, and subsequently ZnO nanowires are grown on this surface with hydrothermal method. Figure 1 (e) is a low magnification scanning electron microscope (SEM) image of in-situ fabricated Kapton micropillars/ZnO nanowires hierarchical structure. It shows that all Kapton micropillars are covered with ZnO nanowires array, and the hierarchical structure is uniform in large area. This kind of special hierarchical structure allows air to be trapped between its surface and above water droplet, which benefits to the large contact angle and superhydrophobic property. 33 To further characterize the morphology of ZnO nanowires, a high magnification SEM image of the surface is observed (Fig. 1(f) ). The length of ZnO nanowires is about 2.5 m. The inset of this figure is a higher magnification SEM image. It can be verified that their diameter is about 50 nm. The hexagonal top surface indicates that the ZnO nanowires possess a wurtzite structure and their growth direction is along c-axis.
Considering that there are monolayers of hydroxyl (-OH) moieties existing at the surface of the as-grown ZnO nanowires, 34 oleic acid that contains the carboxyl (-COOH) group can be used to modify ZnO surface. Oleic acid forms a self-assembled monolayer on ZnO surface, and its alkyl chains cover the ZnO surface completely as shown in Figure 2 . This makes ZnO surface at a low surface free energy state and hydrophobic. As a result, the Kapton surface covered with Kapton micropillar/ZnO nanowires hierarchical structure has a good self-cleaning property after the oleic acid modification on the ZnO surface.
To characterize the superhydrophobic property of a surface engineering method modified Kapton film, the water contact angle and sliding angle on the surface are measured (Fig. 3) . As shown in Figure 3(a) , the surface of this film is macroscopically nonwetting using a water droplet of 5 l as indicator. Figure 3(b) is a typical optical microscope image, which shows that the CA on flat Kapton film reaches 160 ± 1 . Through carefully adjusting the angle between the sample stage and horizontal plane, the sliding angle is measured to be about 3 . Furthermore, the wetting property of water on a surface engineering method modified surface is measured when it is bent to a convex and concave shape, mimicking the surfaces of many living hydrophobic organisms. By placing a droplet of water on the vault with curvature of 0.19 1/mm (Fig. 3(c) ), the CA is measured to be as high as 159 ± 1 (Fig. 3(d) ). The sliding angle is so small that the droplet moves away immediately from the surface as soon as it is dipped on the surface. In addition, as shown in Figure 4 , the water droplet can be dragged by the needle tip to move freely on the surface and can be lifted up by the needle tip easily, which further indicates the very small adhesive force between water droplet and surface. Figures 3(e) and (f) are photographs and an enlarged cross sectional image of a water droplet placed on a concave surface with curvature of 0.35 1/mm, respectively. Because the radius of curvature of the bended concave surface is too small to be comparable with the water droplet, the CA is difficult to be measured precisely. It is obvious that the surface still keep non-wetting. Figure 5 displays the superhydrophobic property of the surface more clearly. When the droplet falls down onto the concave surface, the drop moves between left and right sides quickly, this implies that the surface has good superhydrophobic property and small adhesive force to water. Thus, the surface engineering method modified surface maintains its superhydrophobic property and small sliding angle at different curvature, which can be ascribed to that large amount of ZnO nanowires decorated on the microstructure trap air between them. If the surface is only covered with micropillars, the value of sliding angle increases when the polymer film becomes convex. 35 A superhydrophobic surface with low adhesive force always leads to self-cleaning property, which is well known as lotus leaf effect. Water droplets with different sizes such as rain, dew and frog can clean the lotus leaf surface when they roll on the surface. Here, as shown Figure 6 , we characterize the self-cleaning properties of a surface engineering method modified Kapton surface by using big droplet and water mist to imitate the heavy rain and fog. Furthermore, it is also demonstrated that both microscale and nanoscale dust pollution such as silica microparticle (Fig. 6 ) and Zinc nanopowder (Fig. 7) can be cleaned by water droplet or mist. Figure 6 (a) is the photographs of flat Kapton film covered with silica particles at different stages after dripping water droplets. As indicated by the arrow, silica contaminants are removed thoroughly along the moving path of the water droplet when it rolls off from the surface. After dripping a few droplets of water, the whole surface is cleaned without any contaminant (stage 3 of Fig. 6(a) ). When Kapton film is bent into a convex shape, water droplets can still move away silica particles from the surface ( Fig. 6(b) ). Moreover, if the contaminants of silica particles are replaced with smaller particles (Zn nanopowder), same self-cleaning phenomena of a surface engineering method modified surface under flat and bended status are also observed (Fig. 7) , which means any size contaminants can be cleaned from the surface at different bended status just by dipping water droplets. The self-cleaning property of a surface engineering method modified Kapton film surface under different bended status can be ascribed to lotus leaf effect 31 and its structure stability. The contact area between the contaminants and the modified surface is very small. When a droplet contacts the contaminants, the adhesive force between the droplet and the contaminant is much larger than that between the contaminant and the modified surface. Thus, the contaminants is captured and moved away from the surface engineering method modified surface (Fig. 6(c) ). On the other hand, the in-situ fabrication of Kapton micropillars/ZnO nanowires hierarchical structure ensures the high stability of this structure under a bent status. As a result, the bended Kapton film surface still has very good self-cleaning property.
How small a water droplet can still clean a surface is an important parameter featuring the self-cleaning property because the smaller a droplet is, the more difficult is for it to slide and move away contaminants. Although few studies have focused on this issue, a very small water droplet from a drizzle can make lotus leaf clean in nature. To mimic this phenomenon, water mist is sprayed to a surface engineering method modified surface to characterize its self-cleaning property. As shown in Figure 7 (c), water mist forms much smaller droplet, then rolls off from the surface and moves away the contaminants easily. After a period of time, the modified surface with contaminants of silica particles is still cleaned. If the contaminants are smaller Zn nanopowder instead of silica particles, same phenomenon is also observed (Fig. 7(d) ). Structural robustness is critical important for artificial surface to maintain its special wetting property and low adhesive force. In this study, a surface engineering method modified surface is put into an ultrasonic cleaning bath to check its structural robustness. After one hour ultrasonic vibration, the primary structure (Kapton micropillar) is not damaged (Fig. 8(a) ), and the whole Kapton micropillars/ZnO nanowires hierarchical structure has no obvious change too (Fig. 8(b) ). As a comparison, we fabricate AZ-P1350 photoresist micropillar array on Kapton film and grew ZnO nanowires on these micropillars, and then put them into ultrasonic bath. Only after ultrasonic vibration of ten minutes, both the primary structure micropillar array and the whole hierarchical structure are damaged severely (Figs. 8(c) and (d) ). In fact, most of micropillars have disappeared and only a few are maintained. Thus, on comparing the ultrasonic results of two kinds of micro/nano hierarchical structures, respectively, based on in-situ fabricated Kapton micropillars and additional fabricated photoresist micropillars, it emerges that the in-situ fabricated microstructure has stronger survivability to sonication and the surface engineering method modified surface has much higher robustness.
CONCLUSIONS
In summary, a surface engineering method has been developed to create a robust micropillars/nanowires hierarchical structure on polymer substrate. The surface engineering method modified surface exhibits excellent self-cleaning property with large contact angle of 160 and low sliding angle of 3 . Any size contaminants can be cleaned off from the surface with water droplets or mist no matter whether the surface is flat, convex or concave. The surface
